T HE REQUIREMENT for Ca as an essential nutrient for rhizobia is quite small, as determined in liquid media (Vincent 1962) . Vincent (1962) showed the Ca requirement to be about 25 µ M (micromoles/liter) for normal growth, and found no effect of pH down to 5.5 on the response to Ca from 0.1 to 10 mM (millimoles/liter) for Rhizobium trifolii at various pH down to 4.5 which stopped growth. However, Rerkasem (1977) 3 reported that Ca prevented the effects of moderate acidity for fast-growing rhizobial strains, while cowpea miscellany strains were more tolerant of acidity and displayed no response to Ca at low pH. Further, in soil at pH 4.5, addition of a neutral Ca salt did not affect growth or survival of a fast or a slow grower, but did improve the growth of the fast grower in the rhizosphere.
While Ca can partially ameliorate the inhibitory effects of Al on nonsymbiotic legumes (Munns, 1965) , ' there is little information of such an interaction on rhizobia. The one relevant study is that of Rerkasem (1977) 3 where 1 mM Ca prevented the decline in viability of a fast grower in solution at pH 4.3, but did not overcome the negative effects of Al addition. A slow grower that was not affected by the acidity or Al did not respond to Ca either.
Rhizobium strains differ in their tolerance to acid soils with Mn toxicity (Dobereiner, 1966) . Rhizobia can tolerate very high levels of Mn in artificial media (Masterson, 1968; Holding and Lowe, 1971 ) but there appears to be no information from actual growth studies concerning effects of high Mn at low pH.
The objectives of this research were (i) to examine the effects on rhizobia in acid media of low Ca and high Mn alone and in combination with high Al, (ii) to compare these effects with those of low P and low P + high Al from Keyser and Munns (1979) , and (iii) to determine any effects of increasing Ca levels on the response to Al among rhizobia.
MATERIALS AND METHODS
Rhizobia and Culture Media-Our previous paper (Keyser and Munns, 1979) Table 1 .
Experiment A-Three strains from the cowpea miscellany were selected for growth studies in defined media at pH 4.6. Four treatments were imposed (Table 1) . Media were dispensed in triplicate 50-ml volumes in 290-Erlenmeyer flasks, plugged with cotton, covered with a small beaker, and autoclaved for 20 min. Bacteria from agar slopes of similar age were suspended and serially diluted so that delivering 1 ml to treatments gave an initial density of about 10 3 cells/ml. The diluent was basal solution adjusted to pH 4.6. Population density was determined as total viable cells. Population density at time zero was determined directly from the inocula. Inoculated cultures were incubated at 25°C on a slowly reciprocating shaker. In sampling for population density, 1 ml of media was aseptically removed.
Experiment B-Forty-two strains of rhizobia, 32 from the cowpea miscellany and 10 from R. japonicum were tested for tolerance to high Mn (200 µM) and low Ca (50 µM) ( Table 1) . Five of the Al-tolerant cowpea miscellany strains and all 10 of R. japonicum were further tested in a combination medium having the low Ca and high Mn along with low P (5 µM) and high Al (25 or 50 µM) Table 1 . The treatments were adjusted to pH 4.5 for cowpea miscellany and 4.8 for R. japonicum strains (pH 4.5 was found to be too stressful for many of the R. japonicuin strains) (Keyser and Munns, 1979) . In the combination treatment the Al levels were 50 µM for the cowpea group and 25 µM for R. japonicum. All strains were examined twice daily for detectable turbidity over a 25-day period. One strain was sampled for detailed study over an 18-day period. Duplicate 5-ml volumes were dispensed in screw cap cultures tubes. The inocula diluent was basal solution adjusted to the same pH as that of the given medium. The incubation conditions were the same as in Experiment A, and 0.1-ml of media was removed at each sampling for population density.
Experiment C-Three strains from the cowpea miscellany were tested in a factorial combination of 3 Ca and 4 Al levels at pH 4.5 (Table 1) . Samples were taken over the 2-1/2 week growth period for viable counts. Triplicate 5-ml volumes were dispensed in screw cap culture tubes, and the diluent was basal solution adjusted to pH 4.5. The incubation conditions were the same as in Experiment A, and 0.1-ml of media was removed at each sampling for population density.
RESULTS AND DISCUSSION
At low pH, 50 µM Ca and 200 p.M Mn imposed little, if any, stress to the majority of cowpea miscellany and R. japonicum strains (Fig.l and 2 , Tables 2 and 3) . Results from Experiment A (Fig. 1) show that while 10 ,µM P limited population density in all three strains, 200 µM Mn did not, and 50 µM Ca did so only for strain TAL 11. The data suggest high Mn may have slowed early growth rate for TAL 169N and TAL 11 (Fig. lb and lc) . The turbidity tests of Experiment B (Table 2 ) also demonstrate the fairly uniform tolerance of low Ca and high Mn. Of the strains previously determined as acid tolerant but Al sensitive (Keyser and Munns, 1979) , three were sensitive to low Ca, whereas none of the Al-tolerant strains were sensitive to the Mn or Ca. Table 3 shows that while Al is the most severe single stress to the rhizobia, an additive negative effect is found for a few stains (172, M3, 61A101, and 61A112) when low Ca and high Mn are also present with the Al. This may be of significance since all these factors could occur together in acid soils (Munns, 1977, a&b) .
Compared with soil solution analyses from a wide spectrum of soils, 50 µM Ca is realistically low (Reisenauer, 1966; Gilman and Bell, 1978) . Vincent (1962) reported that Ca deficiency for several strains did not occur above a level of 25 µM at pH 5.5, however we found three strains which did not make turbid growth at pH 4.5 with 50 µM Ca. These same strains were able to make turbid growth with 300µM Ca (in the high Mn treatment; also Keyser and Munns, 1979 .) A similar response has been found by Rerkasem (1977) 3 for some fast growing rhizobia. While it is difficult to find data on soil solution Mn analyses, the 200-µM level tested here has been shown to be inhibitory to several legumes grown nonsymbiotically in solution culture (Morris and Pierre, 1949; Andrew and Hegarty, 1969) . Rhizobia have been shown to tolerate levels of Mn up to 16 mM in media, but not in media as acid as reported here (Masterson, 1968; Holding and Lowe, 1971) . Further, comparable levels of both these acidity factors (Ca and Mn) are known to adversely affect either the nodulation, nodule function or growth of symbiotic and nonsymbiotic legumes that are hosts for these strains (Andrew and Hegarty, 1969; Lowther and Loneragan, 1970; Munns, 1977a & b; Andrew, 1978) . Therefore, under acid conditions the tolerance to low Ca or high Mn among most slow growing rhizobia strains appears at least equal or superior to that of the host plant. The results from the Ca X Al trial are shown in Fig. 3 , and a summarized analysis of variance is given in Table 4 . Though statistical analysis indicates significant Ca interaction effects for two of the three strains, inspection of the growth curves suggests that Ca offers too little protection against Al to be biologically significant. The statistical analysis for TAL 11 shows no main or interaction effects of Ca. All levels of added Al caused a significant early reduction in population density, with the 25 µM Al treatment thereafter showing a faster growth rate than the two higher levels (Fig. 3a) . The low P level in this trial limits total cell number and therefore prevents the response to Ca that TAL 11 showed in Experiment A. For TAL 189 (Fig. 3b) , the initial large decrease in viability occurred only at the two highest Al levels; however, this strain was able to recover rather well, though at lower growth rates. Statistically, the effects here are also largely due to Al levels and time, but there were smaller effects of Ca in first and second order interactions. The Al X Ca effect appears to be due to a slight progressive response to increased Ca levels only at the highest level of Al (100 µM), this determined from comparing all Ca-Al means averaged over time. From inspection of all individual means, the significant second order interaction appears to be due to the longer lag period in the lowest Ca and highest Al level as compared to the two higher Ca levels at the same Al levels. However, the 50µM Al level at the lowest Ca addition grew slightly faster than at the two higher Ca levels, so that a meaningful trend is not apparent.
For TAL 425, the results are more statistically complicated. The simple features are that even at 100 µM Al there was comparatively little initial decline in viability, there was good early growth with up to 50 µM Al, and the Al-free treatment displayed the greatest Ca response. From inspection of the appropriate means, the first-and second-order Ca interactions appear to be due to the combination of the increasing response to Ca for the 0 and 25 µM Al treatments, and the slightly contrasting behavior over the Ca range at 100 µM Al. While this strain displayed the greatest Ca effects on Al response, the dominating effects of Al level are still clear (Fig. 3c) . In the Ca X Al trial, Al activities were calculated using the first approximation of the Debye-Huckel equation (Adams 1974) . Increasing Ca concentrations did not seriously lower Al activities through an effect of ionic strength. In the 25-µM Al treatment, the Al activity ranged from 11.4 µM at the lowest Ca level, to 10.5 at the highest Ca. The corresponding ranges of Al activity were 22.7 to 20.8 for the 50 µM Al media, and 45.0 to 41.4 for the 100 µM Al media. The initial declines in counts for strains TAL 189 and TAL I 1 were probably due to death of cells, not to clumping. Aluminuminduced clumping, observed by
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SOIL SCI. SOC. AM. J., VOL. 43, 1979 Rerkasem (1977) at very high Al concentration (1 mM), was restricted to fast-growing strains, not slow growers. Further, phase-contrast microscopy of the suspensions in the Ca X Al trial indicated that almost all cells were isolated from each other. For growth of legumes in nutrient solution, Ca levels from 1 to 5 mM can ameliorate the effects of Al (Munns, 1965) , but for the three rhizobia tested here any beneficial effects of increased Ca up to 1 mM were slight. This agrees with similar observations on other Al-tolerant strains (Rerkasem, 1977) . 3 Mostly, the data here confirm that Al can be quite inhibitory to rhizobia, in some strains causing an initial decline in viability as well as an increased lag period and a reduced growth rate. An early decline in viability has also been demonstrated in acid soil (Vincent and Waters, 1954) . Ability of strains to recover after a large initial decline in viability in the presence of Al may imply physiological adaptation or selection of genetically tolerant variants.
Finally, if the more important tolerances among strains could be verified in the soil environment, then the ability to identify these tolerances for a given strain would be a valuable aid in interpreting effects of such soil acidity factors on the legume-Rhizobium symbiosis.
